Retinal pigmented epithelial (RPE) cells are of central importance in the maintenance of neural retinal function. Changes in the RPE cells associated with repair activities have been described as metaplasia, while RPE cell apoptosis is responsible for the development of a variety of retinal degenerations. We investigated the regulation of the anti-apoptotic properties of the ®broblast growth factors (FGF) 2 in serum-free cultures of RPE cells. In the absence of serum, con¯uent stationary RPE cells died by apoptosis via a caspase 3-dependent pathway. The addition of FGF2 greatly reduced apoptosis over a 7-day culture period. We demonstrated the involvement of an autocrine loop involving endogenous FGF1 in the mechanisms that govern FGF2-induced resistance to apoptosis by showing: (1) higher levels of apoptosis in cells treated with antisense FGF1 oligonucleotide or after neutralization of excreted FGF1; (2) the long-term activation of FGFR1 and of ERK2, (3) the inhibition of FGFR1 and ERK2 activation and an increase in apoptosis if excreted FGF1 was neutralized. FGF2 also increased the de novo synthesis and the production of Bcl-xl before the onset of apoptosis. Both inhibition of ERK2 activation, which decreased Bcl-xl synthesis, and downregulation of Bcl-x by antisense oligonucleotide treatment inhibited the survival-promoting activity of FGF2. Thus, FGF2-induced cell survival is a progressive adaptive phenomenon involving ERK2 activation by excreted FGF1 and ERK2-dependent Bcl-x production.
Introduction
The prototype members of the ®broblast growth factors (FGFs) family, FGF1 and FGF2 were originally isolated as mitogens with multiple biological activities including angiogenesis, mitogenesis, cellular dierentiation and repair (for reviews see Burgess and Maciag, 1989; Baird and Klagsbrun, 1991) . FGF1 and 2 have been implicated in tumor development and malignant progression (for review see Rifkin and Moscatelli, 1989; Courlier et al., 1997) . FGF1 and 2 lack a classic signal peptide (Abraham et al., 1986; Jaye et al., 1986) , implying that they are not secreted by the classical secretion pathway. There is evidence that FGF1 and 2 are exported from the cell and subsequently act as autocrine or paracrine factors (Vlodavski et al., 1982; Sato and Rifkin, 1988) . FGFs act through tyrosine-kinase receptors (FGFR1-R4) (for reviews see Jaye et al., 1992; Partanen et al., 1992; Givol and Yayon, 1990) . FGFRs activation causes tyrosine phosphorylation of the receptor itself and of intracellular proteins, including phospholipase Cg (PLCg) (Burgess et al., 1990) , and extracellular signalregulated kinases (ERKs) (Cobb et al., 1991) . Overexpression of FGFs and FGFRs in cancer cells suggest that paracrine stimulation of cells may play an important role in cancer progression. Furthermore, the opposite eects of FGF2 on cell growth in human cancer cells, depending on the activation level of the ERK pathway, also indicate that modulation of the level of FGF intracellular signaling controls cellular activity in tumors (Liu et al., 1998) . In addition, the widespread presence of FGFs and FGFRs in nondividing cells suggests that FGF signaling plays important roles in cell survival. Various studies have shown that FGF1 and 2 increase survival by preventing apoptosis. However, little is known about the mechanisms underlying exogenous FGF-induced cell survival. In addition, it is now a matter of debate whether FGF1 and 2 actually do promote cell survival. Recently, it has been shown that FGF2 induces apoptosis in rat myo®broblasts (Funato et al., 1997) , increases apoptosis of neural retina cells in developing chicks (Yokoiyama et al., 1997) and promotes apoptosis in human breast cancer cells (Wang et al., 1998) , whereas FGF1 increases peroxynitrite-induced apoptosis in murine ®broblasts (Shin et al., 1996) and PC12 cells (Spear et al., 1998) .
In normal adult retina, all cell layers express FGF2 as cells no longer dierentiate or proliferate. In vivo, despite the presence of FGF2 in the retinal interphotoreceptor matrix, retinal pigmented epithelial (RPE) cells have a limited proliferation capacity, corresponding to the normal increase in retinal space associated with growth and age. Increased levels of FGF2 with elevated levels of FGF2 excretion have been detected in cells derived from pigment cell tumors and RPE-associated choroidal melanomas in humans (Enzmann et al., 1998) . Although RPE cells are unable to divide in vivo, they may still require survival factors to inhibit their apoptosis. The survival or RPE cells is critical to the maintenance of retina function. In retinal dystrophy in rat, cell apoptosis is prevented by a single subretinal injection of exogenous FGF2, demonstrating that FGF2 can act as a survival-promoting trophic factor in the retina in vivo (Faktorovich et al., 1990) . In culture, RPE cells produce FGF1 and FGF2 (Chen et al., 1996) , FGF high anity receptors (FGFR) and in particular FGFR1 (Guillonneau et al., 1997) . In growing RPE cells, ERKs are rapidly and transiently activated in response to exogenous FGFs (Malecaze et al., 1993) . We have shown that FGF2 stimulated the production of endogenous FGF1 (Guillonneau et al., 1997) and that high-level expression of endogenous FGF1 is correlated with a reduction in apoptosis during RPE cell aging (Guillonneau et al., 1998b) . This suggests that there is an FGF paracrine pathway supporting RPE cell survival in vitro, though no loop of FGF1 activation involving endogenous FGF2 was demonstrated in vivo. We investigated several aspects of FGF2 signaling, including the activation and synthesis of FGFR1 and ERK2 and the production of antiapoptotic members of the Bcl-2 protein family in quiescent, con¯uent primary RPE cell cultures as a function of cell survival. We used antisense oligonucleotides (ODNs) and pharmacological strategies. We found that the sustained upregulation of Bcl-x production mediated by long-term activation of the ERK2 pathway and the FGF1 paracrine pathway plays a key role in integrating and transmitting exogenous FGF2 signals for cell survival.
Results
After serum depletion, FGF2-induced RPE cell rescue from caspase 3-dependent apoptosis requires FGF1 synthesis
In the presence of serum, there was no signi®cant cell death of con¯uent quiescent RPE cells over a 7-day culture period. In the absence of serum, we found that during the ®rst 3 days of culture, the number of TUNEL-labeled nuclei of RPE cells, undergoing programmed cell death (PCD), was similar to that for cells cultured in the presence of serum ( Figure  1a) . Thereafter, the number of cells undergoing PCD increased dramatically and was 13 and 21 times higher on days 5 and 7 respectively, than the basal level of PCD in RPE cell cultures observed on day 1. Apoptosis involves a tightly regulated death pathway including the activation of cysteine proteases of the caspase family, so we investigated apoptosis signaling with peptide inhibitors designed to mimic known sequences of caspase substrates. Treatment of serumdeprived RPE cells with YVAD, which is a direct substrate for caspase1-like activity, did not inhibit cell apoptosis, suggesting that this event is not caspase1-dependent (Figure 1a ). In contrast, treatment with DEVD, a direct substrate for caspase 3-like activity, reduced apoptosis levels by factors of 2.7 on day 5 and 7 respectively, indicating that RPE cell apoptosis induced by serum withdrawal is dependent on caspase 3-like activity. The addition of a single dose of FGF2 (20 ng/ml) on day 0 reduced by factors of 4 and 3.2 the rate of apoptosis on days 5 and 7 respectively (Figure 1b) .
In RPE cells, addition of exogenous FGF2 caused a large increase in FGF1 production and excretion after 3 days of culture (Guillonneau et al., 1997 ). Thus, we tested whether FGF1 was involved in apoptosis protection using an antisense strategy to deplete FGF1. Treatment with FGF1 antisense ODNs speci®cally inhibited FGF1 synthesis by 90% over the 7-day period of culture ( Figure 2a ). FGF1 sense ODNs had no signi®cant eect on FGF1 synthesis. The addition to FGF1-depleted cells of FGF2 had no eect on cell apoptosis during the ®rst 3 days, then PCD increased and was 2.8 times higher on day 5 and 2.3 times higher on day 7 than the basal level of PCD on day 1 of culture ( Figure 2b ). FGF1 sense ODNs had no eect on FGF2 survival Figure 1 Eects of caspase inhibitors and FGF2 on programmed cell death in serum-depleted, long-term cultures of RPE cells. RPE cells were cultured until con¯uence, then after 3 days of culture (day 0) the medium was removed, and cells were washed four times with PBS and cultured in serum-free conditions for 7 days in the absence or presence of caspase 1 and 3 inhibitors (a) as described in Materials and methods. (b) At day 0, half the cultures received a single addition of FGF2 and the other half remained in serum-free and FGF2-free medium. The number of dead cells was determined by counting the cells remaining on the culture dish after staining with Trypan blue and MTT. Cells undergoing programmed cell death (PCD) were detected daily and counted by two methods: (1) the terminal d'UTP nick end labeling (TUNEL) technique, (PCD kit, Boehringer) and (2) by nuclei staining (blue) with Hoechst 33258. Values are means of four experiments and dierences between means were analysed by the Mann and Whitney test, **P50.01, ***P50.005 activity. Thus, these data strongly suggests that FGF2 survival activity may be mediated by the synthesis of endogenous FGF1 by RPE cells.
Sustained FGF2-stimulated FGFR1 and ERK2 activation is dependent on FGF1 excretion and is necessary for lower levels of apoptosis In PC12 cells, trophic activity of endogenous FGF1 is FGFR and ERK activation-dependent (Renaud et al., 1996) . Thus, we assessed autophosphorylation of FGFR1 (the only FGF tyrosine-kinase receptor at the bovine RPE cell surface) after serum withdrawal in the absence and in the presence of FGF2. FGFR1 underwent weak but detectable tyrosine phosphorylation, whereas a single addition of FGF2 induced strong and surprisingly sustained phosphorylation over the 5-day period of culture, with nine times higher phosphorylation levels than were detected in the absence of the growth factor (Figure 3 ). The addition of a neutralizing anti-FGF1 antibody to FGF2-stimulated cultures reduced FGFR1 autophosphorylation to undetectable level (Figure 3b ), indicating that the sustained FGFR1 activation detected after FGF2 stimulation was due to excreted FGF1. Stimulation of RPE cells by FGF2 had no signi®cant eect on the production of FGFR1 during the 5-day culture period showing that the eects of excreted FGF1 on activation of FGFR1 were not due to the stimulation of FGFR1 production (Figure 3c) .
The relationship between the FGF2-stimulated synthesis and excretion of FGF1, FGFR1 activation and cell survival, led us to investigate the activation of ERK2 as a potential downstream pathway. The state of ERK2 Figure 2 Eect of FGF1 depletion in FGF2-stimulated longterm cultures of RPE cells. RPE cells were cultured in serum-free conditions for 7 days as described in Figure 1 . (a) For detection of FGF1 by Western blotting, lysate (150 mg of total protein) from FGF2, FGF2 plus S-F1 and FGF2 plus AS-F1 treated cells was subjected to SDS ± PAGE, transferred to nitrocellulose and FGF1 protein was detected with a speci®c polyclonal FGF1 antibody. (b) Cells were treated with FGF1 sense and antisense ODNs using lipofectin and were stimulated with FGF2 as described in Materials and methods. PCD was detected daily and quantitated by TUNEL. The data are representative of four independent experiments which gave similar results. Values are means+s.d. and dierences between means were analysed by the Mann and Whitney test, **P50.01 Figure 3 Eects of FGF2 on FGFR1 autophosphorylation and production in serum-depleted long-term cultures of RPE cells. Cells were cultured in the presence and absence of FGF2 for 5 days as described in Figure 1 . (a,b) Each day, cells were incubated with 200 mCi/ml of Na 3 32 PO 4 to study FGFR1 autophosphorylation. Neutralizing anti-FGF1 antibody was added on days 1 and 3. Equal volumes of cell lysates containing 200 mg protein were incubated with protein A-Sepharose that had previously been treated with anti-phosphotyrosine antibody. Phosphotyrosine-containing protein was eluted with 0.1% Triton X-100 buer and anti-FGFR1 antibody coupled to protein ASepharose was added. The adsorbed material was analysed by SDS ± PAGE and autoradiography. The exposure time for autoradiographs was 4 days. (c) Cells were lysed on days 1, 3 and 5 and equal volumes of supernatant containing 200 mg protein were analysed by Western blotting with anti-FGFR1 antibody. These experiments were repeated three times with similar results obtained each time phosphorylation was investigated by Western blotting, using an antibody that speci®cally recognized active ERK1 and 2 (ERKs-P). Addition of a single dose of FGF2 rapidly induced ERK1 and 2 phosphorylation within 5 min ( Figure 4a) . Surprisingly, high levels of ERK1 and 2 activation were observed over the next 12 h. After serum withdrawal, only weak basal levels of phosphorylation were detected by reduced electrophoretic mobility and ERK2 activity over the 7-day culture period. In contrast, after FGF2 stimulation, there was sustained ERK2 phosphorylation and activity at levels ®ve to 11 times higher than that in unstimulated cells (Figure 4b, c) .
Then, we investigated the role of ERK2 on FGF1-mediated cell survival. Sustained inhibition of FGF2-induced ERK2 phosphorylation was obtained in the presence of a neutralizing anti-FGF1 antibody over the 7-day culture period (Figure 5a) . Similarly, the addition of a blocking anti-FGFR1 antibody to FGF2-stimulated cells led to the complete inhibition of ERK2 activation, demonstrating that the sustained eects of excreted FGF1 on ERK2 were mediated by FGF1 binding to FGFR1 (Figure 5b ). Neutralization of excreted FGF1 and inhibition of the binding of FGF1 to FGFR1 had no signi®cant eect on the apoptosis of FGF2-stimulated cells during the ®rst 3 days of culture ( Figure 5e ). In contrast, on days 5 and 7, RPE cell death increased by factors of 7.1 and 4.1 respectively. Finally, MEK1/2 inhibition by PD098059 ( Figure 5c ) and UO126 ( Figure 5d ) also abolished the sustained activation of ERK2 over the 7-day period of culture and resulted in a 6.2 to 7.5 and 4.1 to ®ve times increase in cell death on days 5 and 7 respectively (Figure 5e ), indicating that ERK2 activation was required for the survival of FGF2-stimulated RPE cells. Taken together, these data strongly suggested that the survivalpromoting activity of FGF1 excreted by FGF2-stimulated RPE cells was mediated by FGFR1 binding and may involve ERK2 long term activation.
FGF2 inhibits RPE cell death through the stimulation of Bcl-x synthesis via an ERK2-dependent mechanism
Little is known about the mechanism and proteins involved in the survival activity mediated by FGF2. Many members of the Bcl-2 family, including Bcl-x are potent inhibitors of programmed cell death, inhibiting the activation of caspases in cells by a direct interaction (Thornberry and Lazebnick, 1998) . Bcl-2 and Bcl-x production were analysed by Western blotting and Bcl-x de novo synthesis was monitored using radiolabeled amino acids on each of the 7 days of cultures. Addition of FGF2 had no signi®cant eect on Bcl-2 production over the 7 days of cultures (data not shown). In contrast, exogenous FGF2 induced a sustained and a two to three times increase in Bcl-xl production ( Figure 6a ) and sustained de novo synthesis (Figure 6b ). Immunoneutralization of endogenous FGF1 in FGF2-stimulated cells induced after 1 day of culture a large and sustained inhibition in Bcl-xl production and de novo synthesis over the 7 days of cultures (data not shown). The inhibition of ERK activation led also to the inhibition of FGF2-stimulated de novo synthesis and production of Bcl-xl (Figure 6c,d) , indicating that the sustained de novo Bcl-xl synthesis stimulated by FGF2 was controlled by the ERK pathway. We tested whether Bcl-x was a key component in the control of FGF2-stimulated RPE cell survival, by depleting Bcl-x from FGF2-stimulated cells by an antisense ODNs approach. Treatment with Bcl-x antisense ODNs speci®cally inhibited Bcl-x synthesis over the 7-day period of culture ( Figure  7a ). The depletion of BcL-x from FGF2-stimulated RPE cells induced a dramatic increase in cell death, and FGF2 treatment could not overcome Bcl-x depletion (Figure 7b ). Bcl-x antisense ODNs induced a 4.3 and 3.8 times increase in RPE cell death on days 5 and 7 respectively, relative to Bcl-x sense ODNtreated and FGF2-stimulated cells. Bcl-x sense ODNs treatment had no signi®cant eect on FGF2 survival activity. Thus, after serum withdrawal and FGF2 treatment, stimulation of Bcl-x by ERK2 activation is a key part of the protective mechanism promoting RPE cell survival. Eects of exogenous FGF2 on ERK2 phosphorylation and activity. Cell cultures were incubated in serum-free conditions for 7 days as described in the legend to Figure 1. Cells were lysed and equal amounts of protein were reduced and subjected to SDS ± PAGE and Western blotting performed using an anti-active ERK1/2 antibody (a) and an anti-ERK2 antibody (b) as described in Materials and methods. (c) Cell lysates were immunoprecipitated with the anti-ERK2 antibody and ERK2 activity was measured. Similar results were obtained in three independent experiments Stimulation of Bcl-x by FGF2 is mediated by ERK2 M Bryckaert et al Figure 5 Eects of the inhibition of FGF1 and MEK1 activities on ERK2 phosphorylation and programmed cell death in FGF2-stimulated cultures. RPE cells were incubated in serum-free medium for 7 days in the presence or in the absence of neutralizing anti-FGF1 (a) and blocking anti-FGFR1 (b) antibodies, and MEK1 inhibitors, PD098059 (c) and UO126 (d). Phosphorylation of ERK2 (a ± d) was analysed as described in the legend to Figure 4 . (e) PCD was studied on days 1, 3, 5 and 7 as described in Materials and methods. Similar results were obtained in four independent experiments. Values are means+s.d. and dierences between means were analysed by the Mann and Whitney test, ***P50.005 Figure 6 Eects of FGF2 on de novo BcL-x synthesis and production. Eects of FGF1 neutralization and MEK1 inhibition. Cells were incubated in serum-free conditions for 7 days in the presence or absence of FGF2. We analysed production of Bcl-x (a,c), de novo Bcl-x synthesis (b,d) were analysed on days 1, 3, 5 and 7 by culturing serum-depleted RPE cells in the presence or absence of MEK1 inhibitor (10 mM) added on days 1 and 3 of culture. Bcl-x production was analysed by Western blotting and de novo Bcl-x synthesis was performed by daily adding 150 mCi/ml of a mixture of [
35 S]cysteine and [
35 S]methionine in complete DMEM for 24 h. Samples, each containing 200 mg protein, were prepared daily with RIPA buer and Bcl-x was immunoprecipitated with the antiBcl-x antibody. Autoradiographs were exposed for 7 days. The data are representative of four independent experiments which gave similar results
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Discussion
Anti-apoptotic eect of FGF2 is mediated by endogenous and excreted FGF1
Adult RPE cells are terminally dierentiated and are mostly post-mitotic by the end of the second week after birth. Very recently, RPE cell apoptosis was shown to be the suicide mechanism involved in human agerelated macular degeneration and in in vivo and in vitro experimental models of RPE cell death (Hinton et al., 1998) . We found that RPE cell apoptosis due to serum deprivation was mediated by the activation of a caspase 3-like pathway and not by a caspase 1-like pathway. These results con®rm that caspase 1 is apparently not involved in the direct transmission of apoptotic signals, but is involved in cytokine activation. In contrast, caspase 3 is an executioner proapoptotic factor, the activation of which leads to apoptotic collapse and the demise of the cell. It has been shown that the production of p35, a baculovirus analog of the Inhibitor of Apoptosis (IAP) family, which inhibits CED3/caspase 3 activity, prevents blindness in Drosophilia mutants with retinal degeneration (Davidson and Steller, 1998) . Thus, it would be of value to analyse the presence of IAP proteins and analogs in RPE cells during serum deprivation. Previous studies have suggested that endogenous FGFs act as protection factors in vivo by showing a dramatic upregulation of FGF gene expression in response to cell death in various retinal degeneration models (Portera-Gailleau et al., 1994; Gao and Holly®eld, 1996) . We have con®rmed that this is the case in retina, by demonstrating that inhibition of the binding of endogenous FGFs to their receptors accelerates and increases retinal cell apoptosis (Guillonneau et al., 1998a) . More recently, inhibition of FGF1 by antisense ODNs in embryonic chick retinal cells in vitro and in vivo has been shown to inhibit neuron survival (DeÂ sireÂ et al., 1998) . In none of these studies, was information provided about the signaling and the proteins involved in the survival activity of FGFs. In this report, using FGF1 antisense ODNs and FGF1 immunoneutralization strategies we showed that endogenous FGF1 was a major component of the FGF2 survival activity. In addition, we demonstrated that endogenous FGF1 has to be excreted to mediate FGF2 anti-apoptotic activity, contrasting with the intracrine FGF1 survival activity in PC12 cells (Renaud et al., 1996) . One of the striking ®ndings reported in this study is that FGF2-stimulated FGF1 excretion induces sustained activation of FGFR1 and ERK2 over the 7-day period of culture. Furthermore, speci®c inhibition of the MED1/2 pathway led to an increase in apoptosis, suggesting that the survival signaling pathway of excreted FGF1 may be speci®cally Figure 7 Eect of Bcl-x depletion in FGF2-stimulated long-term cultures of RPE cells. RPE cells were cultured in serum-free conditions for 7 days as described in Figure 1. (a) For detection of Bcl-x by Western blotting, lysate (150 mg of total protein) isolated daily from FGF2, FGF2 plus S-Bcl-x and FGF2 plus AS-Bcl-x treated cells was subjected to electrophoresis in 18% SDS-polyacrylamide gels, transferred to nitrocellulose and Bcl-x protein was detected with a speci®c polyclonal Bcl-x antibody. (b) Cells were treated with Bcl-x sense and antisense ODNs using lipofectin and were stimulated with FGF2 as described in Materials and methods. PCD was detected daily and quantitated by TUNEL. The data are representative of three independent experiments which gave similar results. Values are means+s.d. and dierences between means were analysed by the Mann and Whitney test, **P50.01 Figure 8 Proposed scheme for activation of ERK2 and stimulation of BcL-x in response to FGF2 during RPE cell survival. FGF2 activates ERK2 via FGFR1 and stimulates sustained FGF1 production and excretion. Paracrine loop of excreted FGF1 also activates FGFR1 and ERK2, induces sustained BcL-x de novo synthesis and production, and rescues RPE cells from caspase 3-dependent apoptosis. Neutralization of excreted FGF1 leads to inactivation of ERK2 and inhibition of BcL-x production and apoptosis in FGF2-stimulated RPE cells. Inhibition of MEK by PD098059 and UO126 also leads to ERK2 inactivation, inhibition of BcL-x production and RPE cell apoptosis Stimulation of Bcl-x by FGF2 is mediated by ERK2 M Bryckaert et al controlled by ERK1/2 activation. This seems to be con®rmed by previous studies showing that cell survival is correlated with the overexpression of ERK2 protein during the aging of RPE cells (Guillonneau et al., 1998b) .
The stimulation of de novo BcL-x synthesis is a major pathway in FGF2 survival signaling Intraocular injections of FGF2 inhibit experimental retinal degeneration (Faktorovich et al., 1990) , demonstrating that exogenous FGF2 may act as a survival-promoting trophic factor in retina in vivo. The trophic/protective eects of exogenous FGF have been demonstrated in human phase II trials with FGF2 in stroke patients (Onal and Fisher, 1997) , but little is known about the signaling and proteins involved in the survival activity of FGF2. Here, we have shown that FGF2 rescued RPE cells from caspase 3-dependent cell apoptosis. FGF2 stimulated FGF1 production and excretion, inducing a paracrine loop of FGFR1 and ERK2 activation. However, the FGF1 paracrine loop of activation was not the only signaling pathway involved in FGF2 survival activity. Members of the BcL-2 family of proteins are important regulators of apoptosis in many cellular systems. The ®rst member of this family, BcL-2 was identi®ed at the breakpoint site of a t (14;18) translocation present in many human B-cell lymphomas (Cleary et al., 1986) . Increased production of BcL-2 as a result of t (14;18) translocation contributes to neoplastic B-cell expansion by preventing B-cell death. BcL-2 and its homologue, BcL-x inhibit apoptosis induced with a wide variety of stimuli by mechanism that remain unidenti®ed. Despite distinct functions, BcL-2 and BcL-x have both been found to inhibit the release of cytochrome c, which is associated with the activation of caspase 3 from mitochondria. In transgenic mice expressing the Bcl-2 gene with light-damage, and in degenerating rd mice, there is a partial and temporary preservation of the retina, suggesting a role for antiapoptotic members of the Bcl-2 protein family in the survival of retinal neurons (Chen et al., 1996) . Thus, these two anti-apoptotic factors seems to be good candidates for mediating FGF2 survival activity in RPE cells. In serum-deprived RPE cells, FGF2 induced sustained de novo synthesis of BcL-x1. In these conditions, BcL-x may inhibit the caspase 3 activity we detected in RPE cells. This is consistent with very recent data showing that BcL-x is cleaved directly by caspase 3 (Clem et al., 1998; Fujita et al., 1998) . In RPE cells, the depletion of BcL-x blocked the FGF2-mediated rescue of apoptotic death and caused a large increase in cell death despite the production of FGF1. This strongly indicates that a major survival pathway induced by FGF2 involved the de novo synthesis of BcL-x. The pivotal role of BcL-x was recently demonstrated in eosinophil cell cultures, in which granulocyte-macrophage colony-stimulating factor rescued spontaneous apoptosis by upregulating BcL-x1 protein levels, whereas no BcL-2 stimulation was observed (KoÈ nig et al., 1997) . In the present study, the addition of FGF2 had no eect on BcL-2 production, indicating that in RPE cells, BcL-2 does not play a pivotal role in FGF2-mediated cell survival. This contrasts with recent data suggesting a link between the endogenous FGF1 signaling pathway and BcL-2 in neuronal survival modulation (Raguenez et al., 1999) . In this model, the de novo synthesis of Bcl-x was not studied. Thus, we hypothesize that depending on the cell types or on the excretion of FGF1, the signaling involved in the survival activity of FGFs may implicate dierent pathways. Regulation of Bcl-2 expression or function by growth factors mediated survival signals is also controversial. In some systems, survival factors up-regulate the transcription of Bcl-2 (Deng et al., 1993) . However, cells can die without down-regulation of Bcl-2 expression and growth factors can inhibit apoptosis in the absence of RNA or protein synthesis. RPE cells produced low levels of Bcl-2. This is consistent with previous data showing that bcl-2 is not normally expressed to high levels in the retina (Papermaster, 1997) . The role of Bcl-2 in retina is unclear. Chen et al. (1996) showed that in transgenic mice, expression of bcl-2 under the control of an opsin promoter resulted in partial, temporary preservation of photoreceptors in three types of retinal degenerations, whereas other studies have shown no signi®cant reduction in the rate or extent of apoptosis in photoreceptors (Papermaster, 1997) . Furthermore, both increases and decreases in bcl-2 levels have been described after various injuries (Montpied et al., 1993; Gillardon et al., 1995) . In contrast to bcl-2, bcl-x expression, predominantly the production of its anti-apoptotic long form, Bcl-xl, is very abundant in adult retina, consistent with the concept that bcl-xl is expressed in long-lived postmitotic cells whereas bcl-xs and bcl-2 are expressed predominantly in proliferating cells in adult animals.
Activation of ERK2 is a key step required for Bcl-x-dependent inhibition of the apoptosis mediated by FGF2
Our study showed that the FGF2-stimulated increase in RPE cell survival was directly dependent on ERK2 activation. This, also shown by Gardner and Johnson (1996) who found that FGF2-suppression of TNFmediated apoptosis required the activation of ERK pathway. However, although we are beginning to understand the involvement of the ERK pathway in cell death, the biochemical and molecular changes underlying this phenomenon are largely unknown. This study shows for the ®rst time that sustained activation of ERK2 over a 7-day period of culture was required to protect RPE cells from apoptosis. We have proposed a scheme to illustrate the manner in which FGF2 predominantly activates ERK2 and stimulates sustained FGF1 and Bcl-x production (Figure 8 ). The importance of the long-term activation of ERK2 for cell survival is consistent with studies showing that acute activation of the ERK cascade by growth factors potentiates proliferation whereas a chronic increase in ERK activity is cytoprotective (Carter et al., 1998) . In addition, it was shown that overproduction of ERKs in human breast cancer was required for cell survival (Sivaraman et al., 1997) and that cell survival is correlated with the overproduction of ERK2 during aging of RPE cells (Guillonneau et al., 1998b) . The importance of both activation and production of proteins of the ERK pathway for cell survival was recently con®rmed (Mishima et al., 1998; Yazlovitskaya et al., 1999; Sahl et al., 1999) . We never detected signi®cant activation of Stimulation of Bcl-x by FGF2 is mediated by ERK2 M Bryckaert et al the member of the MAP kinase group, JNK1 after FGF2 stimulation of RPE cells (our unpublished results). More recently, it has been demonstrated that both the PI3-K and ERK pathways necessary for the IGF survival eect on adipocytes are associated with the inhibition of Bcl-xs production (Navarro et al., 1998) , con®rming a role for the ERK pathway in the activation of members of the Bcl-2 family. It is believed that the balance between death agonists and antagonists from the Bcl-2 family may regulate apoptosis. Overproduction of Bcl-x inhibits caspase 3-induced PC12 cell apoptosis after serum deprivation (Lindenboim et al., 1998) , suggesting that Bcl-x acts upstream from caspase activation. This is consistent with the sustained production of Bcl-x and the rescue from caspase 3-dependent apoptosis in FGF2 stimulated RPE cells. Little is known about bcl-x expression in the retina during cell apoptosis and the results that have been obtained are con¯icting. Bcl-xl expression decreases shortly after retinal ganglion cell apoptosis after axotomy (Levin et al., 1997) whereas, Bcl-x production increases and then decreases in ganglion cells after optic nerve lesion (Iseman et al., 1997) . The exact mechanism of the regulation of Bcl-x expression is still unknown. It has been shown that the reduction in apoptosis of keratinocytes induced by EGF activation is mediated by Bcl-xl (Stoll et al., 1998) . In this study, ERK activation was not examined. In contrast, in the present report, we clearly demonstrated the pivotal role of Bcl-x in the survival activity of FGF2 mediated by ERK2, con®rming the relationship between the ERK pathway and Bcl-x which has been suggested in hematopoietic cells (Garland and Rudin 1998) . Recently, it has been shown that the expression of the antiapoptotic MCL1 gene product is regulated by the ERK pathway (Townsend et al., 1998) . Thus, it would be of value to analyse the production of MCL1 protein in RPE cells during serum deprivation. In conclusion, our results provide insight into the apoptotic signaling implicated in RPE cell death and the molecular changes that may reduce apoptosis in FGF2-stimulated RPE cells. In addition, as cell apoptosis can be regulated by FGF1 and 2, a better understanding of the molecular mechanism and signaling induced by these growth factors has important implications for anti-degenerative and cancer therapy.
Materials and methods

Cell culture and treatment of cells
Bovine RPE cells were isolated as previously described (Guillonneau et al., 1997) . Primary RPE cell cultures were grown in Dulbecco's modi®ed essential medium (DMEM, GIBCO/BRL, New York, USA) containing 10% fetal calf serum (FCS, GIBCO/BRL, New York, USA), 2.5 mg/ml fungizone, 50 mg/ml gentamycin, 2 mM L-glutamine. Human recombinant FGF2 (18 kDa form) (Carlo Erba) was added to con¯uent, quiescent cells at a ®nal concentration of 20 ng/ ml and cells were incubated for a further 7 days. RPE cells were protected against apoptosis by adding two caspase inhibitors: asp-glu-val-asp-aldehyde (DEVD-CHO) and tyrval-ala-asp-aldehyde (YVAD-CHO) (Calbiochem), to a ®nal concentration of 10 mM, every 48 h for 7 days. For each compound, we tested the inhibitory or stimulating activity and we checked that the vehicle alone was not cytotoxic. In some experiments, anti-FGF1 neutralizing polyclonal antibody (R & D Systems) and blocking anti-FGFR monoclonal antibody (clone VBS1, Chemicon International) were added on days 1 and 3 to ®nal concentrations of 200 mg/ml (anti-FGF1) and 20 mg/ml (anti-FGFR1) of culture medium. The speci®city of the anti-FGF1 and anti-FGFR1 has been previously veri®ed (Guillonneau et al., 1998b) . The MEK inhibitors, PD098059 (Calbiochem, Meudon, France) and UO126 (Promega, Charbonniere, France), were added on days 1 and 3 to ®nal concentrations of 10-and 4 mM respectively. There were no non-speci®c cytotoxic eects of the MEK inhibitors, as previously reported (Guillonneau et al., 1998b 37 TBq Ci/mole) was added in complete DMEM and incubated with the cells for 24 h as previously described (Guillonneau et al., 1998b) . Each day, cells were lysed in Triton X-100 lysis buer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 50 mM NaF, 5 mM EDTA, 40 mM b-glycerophosphate, 0.2 mM sodium orthovanadate, 1 mg/ml leupeptin, 1 mM pepstatin A and 1% Triton X-100). Cell lysates (equal amount of protein) were then immunoprecipitated overnight at 48C with 0.1 mg of polyclonal anti-ERK2 antibody, and with 1 mg of polyclonal anti-FGF1 antibodies (Sigma, Saint Quentin Fallavier, France). Protein G-Sepharose beads (50 ml v/v) were added and incubated with the mixture for 1 h at 48C. Immune complexes were collected by centrifugation at 12 000 g. The immunoprecipitated proteins were separated by SDS ± PAGE (12% polyacrylamide gel for ERK2 and 15% for BcL-x and FGF1). The protein bands detected by autoradiography were quanti®ed using an LKB Ultrascan XL laser densitometer (Pharmacia).
Oligonucleotides and oligonucleotide treatment of cells
Phosphodiester sense and antisense ODNs directed against FGF1 were designed based on the published sequence of the bovine FGF1 gene (Alterio et al., 1998) . The 16-mer ODN was targeted against the ®rst donor-acceptor site of FGF1 at codon 57 of bFGF1. The antisense ODN to bFGF1 was 5'-GCTGAATGTGCTGGTC-3' (referred to as AS-F1) and the corresponding sense ODN was 5'-GACCAGCACATT-CAGC-3' (referred to as S-F1). It has been demonstrated that the addition of AS-F1 to adenocarcinoma HSY cells, inhibits endogenous FGF1-dependent cell proliferation (Myoken et al., 1996) . Two phosphodiester sense and antisense ODNs directed against Bcl-x were designed based on the published sequence of the human Bcl-x (hBcl-x) gene (Boise et al., 1993) . The 16-mer ODN was based directed against the start colon (ATG) plus the 13 bases immediately downstream in the hBcl-x as previously published by Amarante-Mendes et al. (1998) . The antisense ODN was 5'-CCGGTTGCTCTGAGACAT-3' (referred to as AS-Bcl-x) and the corresponding sense ODN was 5'-ATGTCTCAG-CAACCCGG-3' (referred to as S-Bcl-x). 3' exonucleases are thought to be more active than 5' exonucleases, so an amine group was added at the 3'-end, this modi®cation having been previously shown to increase the stability of classical phosphodiester antisense ODNs to levels similar to those for phosphothioate ODNs and the stability of the ODNstarget complex. In addition, these 3'-modi®ed ODNs are not toxic and do not compete with FGF1 and 2 for their binding sites (heparin-like activity), in contrast to phosphorothioate ODNs (Fennwald and Rando, 1995; Gukova et al., 1995) . We used lipofectin (GIBCO/BRL, Cergy Pontoise, France) as a cationic lipid to deliver the ODNs, because this method results in high levels of uptake and stability of phosphodiester ODNs in the intracellular compartment without aecting their ®nal nuclear location (Clarenc et al., 1993; Lezoulac'h et al., 1995) after endocytosis and release from the endocytic compartment. All ODNs were synthesized commercially (Eurogentec, Seraing, Belgium) and puri®ed by HPLC.
Lipofectin-ODN complexes were produced according to the manufacturer's instructions. Preliminary experiments were performed with 2.5, 5, 7, 10 and 20 mg/ml of lipofectin and various concentrations of ODNs (between 2 and 40 mM). All results presented here were obtained with 15 mM ODNs for FGF1 and 10 mM ODNs for Bcl-x, and with respectively 5 mg/ml and 7 mg/ml of lipofectin for cells incubated in the absence and presence of serum. Cells were incubated for 3 days in the presence of 10% heat-treated calf serum. Then, the typically 70 ± 80% con¯uent RPE cells were treated with ODNs/lipofectin for 24 h, washed twice with DMEM serumfree medium and fresh serum-free medium was added and the cells cultured for 7 days. On day 2 of serum-free culture, the appropriate concentration of ODN was added in the presence of lipofectin. For 3 days beginning on day 4 of incubation, cells were treated with the appropriate concentration of ODN without lipofectin.
Diusion of ODNs in RPE cells was studied with AS-F1, S-F1, AS-Bcl-x and S-Bcl-x coupled to cyanin 3 groups at the 5'-terminus. These¯uorescent ODNs were observed with an Aristoplan microscope (Leica, Rueil-Malmaison, France) and by confocal microscopy with a Bio-Rad microscope (Ivry sur Seine, France). Cellular uptake of ODNs was observed as early as 5 min after ODN/lipofectin treatment and 99% of the cells were labeled after 6 h of exposure to ODN. The nuclear and perinuclear location of ODN was checked by confocal microscopy.
Cell proliferation and cell death assays
The status of proliferating and quiescent culture cells was determined during the 7 days of culture as previously described (Guillonneau et al., 1998b) . The proliferation of RPE cells was assayed daily by counting the number of cells and by determining [ (2) by staining of nuclei with Hoechst 33258 (0.5 mg/ml) after ®xation of the cells with 4% paraformaldehyde and permeabilization with ice-cold ethanol. Labeled, fragmented and condensed cells were scored as apoptotic and were counted in three dierent ®elds, in three culture wells at each time point. The positive cells were counted within an ocular grid using a 256 objective. The grid was placed on the culture well and a minimum of 200 cells were counted per ®eld.
ERK2 activity assay
Quiescent con¯uent RPE cells in 6-well plates were incubated in serum-free medium for 7 days. Each day, cells were lysed in Triton X-100 lysis buer. Cell lysates (equal amount of protein) were then immunoprecipitated overnight at 48C with 0.1 mg of polyclonal antibody against ERK2 (Santa Cruz, USA). Protein G-Sepharose beads (50 ml v/v) were added for 1 h at 48C. Immune complexes were collected by centrifugation as 12 0006g and washed three times in lysis buer and once in kinase buer (20 mM HEPES, pH 7.4, 10 mM MgCl 2 , 1 mM dithiothreitol and 10 mM p-nitrophenylphosphate). They were then suspended in 40 ml kinase buer containing 10 mg of myelin basic protein (MBP), 50 mM unlabelled ATP and 3 mCi of [g-32 P]ATP (Amersham, 5000 c.p.m./pmol) per sample. The mixture was incubated for 10 min at 308C and the reaction was stopped by adding 40 ml of 26Laemmli's sample buer. Samples were subjected to SDS ± PAGE on a 12% polyacrylamide gel. We checked that equal amounts of protein were loaded in each lane, by systematically staining the gels with Coomassie brilliant blue so that the protein bands were visible and could be scanned by densitometry. In addition, blots were reprobed with anti-actin antibody to check that the 42 kD band was similarly intense in each case. The speci®city and lack of cross-reaction of the antibodies with speci®c control peptides were tested.
Western blot analysis
RPE cells were incubated in serum-free medium for 7 days. They were washed twice in PBS and lysed in ice-cold Triton X-100 lysis buer and centrifuged at 48C for 10 min at 10 000 g. Monoclonal antibody directed against b-actin was used as an internal standard for checking protein loading. For ERK2 and FGFR1 analysis, Triton X-100 cell lysate (30 and 100 ml respectively), was mixed with 56 Laemmli's buer and heated for 5 min at 958C. The soluble proteins of the cell lysates were separated by SDS ± PAGE (12 and 7% polyacrylamide gel for ERK2 and FGFR1 analysis respectively), transferred by electroblotting onto nitrocellulose ®lters and probed with polyclonal antibodies raised against p42 ERK2 and FGFR1 (Santa Cruz, USA). The primary antibodies were detected using a horseradish peroxidaseconjugated goat anti-rabbit secondary antibody. ECLchemiluminescence substrates were used to detect positive bands, according to the manufacturer's instructions, and the membrane was placed against Hyper®lm TM ECL (Amersham, France). The protein bands detected on the autoluminogram were quanti®ed using an LKB Ultrascan XL laser densitometer (Pharmacia).
Statistics
Each ®gure shows the results from experiments repeated at least three times. All data are expressed as the average+s.e.m. Statistical comparisons were made using the two-tailed Student's t-test (Gaussian population with equal s.d.) and the Wilcoxon or Mann and Whitney test (nonparametric tests).
Note added in proof While this paper was being written, another study addressing the stimulation of Bcl-2 expression through ERK2 activation during cell survival was published (Liu et al., 1999) .
